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Summary
FGF signaling from the midbrain-hindbrain boundary
(MHB, isthmus) plays amajor role both inmaintenance
of the MHB and induction of the tectum and cerebel-
lum [1–3]. Since different levels of FGF signaling in
the MHB result in a qualitative difference in inducing
activity [4], FGF signaling in the MHB should be tightly
regulated positively and negatively atmultiple steps to
ensure correct levels of FGF signaling [5]. Factors that
negatively regulate FGF signal around the MHB are re-
ported [6–8]. However, factors that ensure strong FGF
signal in the MHB are largely unknown. Here we report
the identification of Canopy1 (Cnpy1), a novel MHB-
specific, Saposin-related protein that belongs to an
evolutionarily conserved protein family. The cnpy1
gene was expressed specifically in the MHB of zebra-
fish embryos. Exogenous FGF8 induced expression
of cnpy1 in the tectal primordial. Knockdown of
cnpy1 resulted in MHB defects and impaired FGF sig-
naling in a cell-autonomous manner. Cnpy1 is local-
ized in the endoplasmic reticulum and interacts with
FGFR1. This study highlights a positive-feedback loop
between the FGFR pathway and Cnpy1 that may en-
sure the strength of FGF signaling in the MHB, leading
to correct development of the tectum and cerebellum.
Results and Discussion
Cnpy1 Is an ER-Resident Protein Expressed
Specifically in the MHB of Zebrafish Embryos
In a previous report [9], we compared the gene expres-
sion profiles of normal embryos with those of embryos
in which the reciprocal inductive signaling between the
midbrain and MHB was impaired by repression of
Islet-3, a LIM homeodomain-type transcription factor
expressed in the midbrain [10]. We identified multiple
MHB-specific genes, including D121. The 1 kb full-
length cDNA for D121 includes an open reading frame
encoding a novel protein of 187 amino acids. This
*Correspondence: hitoshi@brain.riken.jpgene was designated canopy1 (cnpy1) after the charac-
teristic morphology of the embryos defective in this
gene (see below). Cnpy1 contains an N-terminal hydro-
phobic sequence, a unique pattern of six cysteine resi-
dues characteristic of the Saposin-like proteins [11],
and a C-terminal putative ER retention signal (Figures
1A and 1B) [12]. Coimmunoprecipitation analysis re-
vealed that Cnpy1 possesses a self binding property
(Figure 1C). Considering that Saposin forms a shell-like
dimeric structure [13], it is probable that Cnpy1 also
forms a Saposin-like dimeric structure.
A search of zebrafish EST databases revealed that
Cnpy1 is one of four structurally related proteins (Fig-
ure 1A). Among the Canopy family, Cnpy1 and Cnpy2
(the human ortholog of Cnpy2 is also known as Trans-
membrane protein 4 [TMEM4] [14] or myosin regulatory
light chain [MRLC]-interacting protein [MIR]-interacting
Saposin-like protein [MSAP] [15]) constitute a subgroup
(Figure 1A and Figure S1, in the Supplemental Data
available with this article online), while Cnpy3 (the hu-
man ortholog is also known as CTG4a or Trinucleotide
repeat containing 5 [16]) and Cnpy4 constitute another
subgroup (Figure 1A and Figure S1). The latter group
has longer C-terminal sequences than the Cnpy1/2 sub-
group, and Cnpy3 contains lysine repeats at the C termi-
nus (basic region in Figure 1A and Figure S1).
Further searches of GenBank/EMBL/DDBJ databases
revealed that Cnpy proteins are widely conserved
throughout the animal kingdom (e.g., in human, mouse,
chick, Xenopus laevis, and medaka; accession numbers
listed in Supplemental Experimental Procedures). Both
Drosophila andC. elegans have two proteins of the Can-
opy family, CnpyA and CnpyB, which belong to the
Cnpy1/2 and the Cnpy3/4 subgroups, respectively.
Cnpy1 Is Specifically Expressed in the MHB
and Is Induced by FGF8
Maternal cnpy1 transcripts were detected from the early
cleavage stages (Figures 1D and 1E) until the shield
stage (Figure 1F). Zygotic cnpy1 transcripts were first
observed in the polster at the bud stage (Figure 1G);
its expression in the MHB started 12 hr postfertilization
(hpf) (Figure 1G) and was sustained throughout develop-
ment (Figures 1H–1J). Weak expression of cnpy1 was
found in the tail bud and the mesenchymal cells of the
caudal fin primordia at 26 hpf (Figure S3). In contrast to
the MHB-specific expression of cnpy1, other cnpygenes
were expressed ubiquitously at low levels throughout
development (Figure S2), suggesting that maintenance
of the MHB depends specifically on Cnpy1 within the
Canopy family.
The MHB is established as a consequence of three
successive steps: a positioning of the border at the
late gastrulation stage, an initial specification at the early
somitogenesis stage, and the subsequent maintenance
of MHB-related genes [2, 17]. Since the onset of fgf8
expression occurs just prior to the onset of cnpy1 in
the MHB (data not shown), we examined the possibility
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422Figure 1. Structure of Zebrafish Cnpy1, Expression of cnpy1 mRNA, and Induction of cnpy1 by FGF8 in Zebrafish Embryos
(A) Schematic representations of zebrafish Canopy family proteins and human Saposin-c. Basic region represents lysine repeats at the C termi-
nus of Cnpy3.
(B) Comparison between sequences of Saposin-related proteins/peptides. Sequence alignment was produced by ClustalW with manual adjust-
ments. Conserved cysteine residues are indicated by black shading, and conserved similar residues are indicated by gray shading. Bars (-) and
double slashes (//) indicate gaps and truncation, respectively, introduced for maximum alignment. Leading and trailing dots (.) indicate that the
sequence is part of a protein. Abbreviations: h, human; z, zebrafish; p; porcine; Eh, Entamoeba histolytica; Sap, Saposin; AOAH, acyloxyacyl
hydrolase; ASM, acid sphingomyelinase; AP-A, amoebapore-A; SP-B, surfactant-associated protein B; NKL, NK-lysin.
(C) 293T cells were transfected with the indicated constructs and analyzed by coimmunoprecipitation. WCL, whole cell lysate.
(D–J) Expression patterns of cnpy1 in zebrafish embryos. Arrowheads in (G)–(J) indicate the MHB; arrows in (G) and (H) indicate the polster. Scale
bars equal 200 mm for (D)–(F); 100 mm for (G)–(J).
(K and L) BSA (K) or FGF8b (L)-soaked beads (dotted circles) were implanted adjacent to the midbrain at 15 hpf. Expression of cnpy1 was ex-
amined 3 hr after implantation.
(M and N) Expression of cnpy1 in wt (M) and ace (N) embryos at 18 hpf.that cnpy1 is induced by Fgf8 by implanting an FGF8b-
soaked bead near the midbrain of embryos. Ectopic
expression of cnpy1 was induced over the tectum by
the implanted bead (Figure 1L; compare with negativecontrol Figure 1K) and was lost in embryos homozygous
for ace (Figure 1N; compare with positive control Fig-
ure 1M). These results show that expression of cnpy1
in the MHB is induced by Fgf8.
Canopy1 Is Required for FGF Signaling
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To investigate the role of Cnpy1 in MHB development,
we injected translation-blocking antisense morpholino
oligonucleotides for cnpy1 (cnpy1-MO) into 1- to 2-cell
stage zebrafish embryos (Figures 2D and 2H) and exam-
ined the resulting defects in the MO-injected embryos
(morphants). At the gastrula stages, the cnpy1 mor-
phants showed retardation of epiboly (data not shown).
At the somitogenesis stages, elongation of the tail was
impaired, and the shape of the somites and notochord
became irregular (Figure S3). By 28 hpf, the shape of
the presumptive tectal and cerebellar regions was dis-
tinctively defective (Figure 2C) with the appearance of
an airplane ‘‘canopy’’ that became more prominent by
2.5 days postfertilization (dpf) (Figure 2G). The size of
the tectum was greatly reduced, and the isthmic con-
striction of the MHB was not formed in the severely af-
fected morphants (Figures 2C, 2G, and 2R). Cell death
was observed in the diencephalon, the posterior mid-
brain, and rhombomeres 1–3, 5, and 6 (Figures 2C and
2R). Thecnpy1morphants also showed a reduction in the
size of the otic vesicles (Figures 2C and 2G) and abnor-
mal swelling of the pericardiac cavity (Figure 2G). Injec-
tion of a 5-base mismatched control MO did not cause
any of these abnormalities (Figures 2B, 2F, and 2R).
To define the stage of MHB development affected by
knockdown of cnpy1, we examined the expression of
marker genes for MHB development at both specifica-
tion and maintenance stages. At the specification stage
of MHB development (the bud stage, 10 hpf; Figures 2I–
2K0), expression of pax2a (Figure 2I0) and wnt1 (Fig-
ure 2J0) was not affected in the cnpy1 morphants,
whereas expression of eng2a (Figure 2K0) was slightly
reduced. This may be due to the retardation of epiboly
in the cnpy1 morphant, because the onset of eng2a
expression (between 90% epiboly and the bud stage)
occurs later than that of pax2a andwnt1 expression. Ex-
pression of fgf8 in rhombomere 4 was not affected in the
cnpy1morphants, thereby serving as an internal control.
At the maintenance stage of MHB development (18 hpf;
Figures 2L–2Q0), expression of all the markers examined
was greatly reduced or lost in the MHB of the cnpy1mor-
phants (Figures 2L–2P0). In addition, the diphosphory-
lated (activated) form of Erk1/2, the indicator of the
FGF-signal activation, was not detected in the MHB of
the morphants (Figure 2Q0). These data indicate that
Cnpy1 is involved in the maintenance of the MHB, but
not in its specification.
Simultaneous injection of MO-resistant cnpy1 mRNA,
into which several silent mutations were introduced at
the MO-targeting site to preclude interference by MO,
rescued eng2a expression in the cnpy1 morphants, indi-
cating that the defects in the morphant MHB are specif-
ically caused by cnpy1-MO (Figures 2S and 2T).
Cnpy1 Is Essential for FGF Signaling
The onset of cnpy1 expression in the MHB precedes the
onset of the maintenance stage of MHB development,
and the cnpy1 morphants showed defects in the MHB,
otic vesicles, and tail bud. These observations promp-
ted us to examine whether Cnpy1 is involved in the
FGF signaling pathway; indeed, FGF8 plays a major
role in the development of these tissues [2, 18, 19]. We
implanted an FGF8b-soaked bead near the anteriorborder of the midbrain at 15 hpf and examined the ex-
pression of eng2a, which is induced by FGF8b [1]. The
contralateral side served as an internal control. In wild-
type (wt) and control embryos, ectopic expression of
eng2a was induced over the entire tectum (Figures 3B–
3D; compare with Figure 3A). By comparison, in the
cnpy1 morphants and in embryos treated with the FGF
signal inhibitor SU5402, ectopic expression of eng2a
was minimal (Figures 3E and 3F; compare with Fig-
ure 2N0). The possibility that the signal-receiving cells
had ceased to express mRNA for fgfrs in the cnpy1
morphants was unlikely, as expression of the four fgfrs
examined was not affected (Figure S4). Induction of
eng2a by the FGF8b-soaked bead was observed as little
as 1 hr after bead implantation (data not shown), sug-
gesting that eng2a is an immediate target of FGF signal-
ing in the context of midbrain development.
To investigate at which step Cnpy1 is involved in FGF
signaling, we used iFGFR1, known to conditionally
evoke FGF signaling [20, 21]. iFGFR1 consists of the cy-
toplasmic domain of FGFR1 with the N-terminal myristy-
lation signal for tethering to the cell membrane. In the
presence of the dimerizing agent AP20187, iFGFR1
can dimerize via binding sites for AP20187 and trans-
duce signals to the downstream signaling cascade.
This system was used to examine whether FGF signal-
ing downstream of FGFR was intact in the cnpy1 mor-
phants. In the control embryos injected with iFGFR1
mRNA and treated with AP20187, ectopic eng2a expres-
sion was induced over the entire tectum (Figures 3L and
3M), as in the embryos implanted with an FGF8b-soaked
bead (Figure 3B). Ectopic eng2a expression was also in-
duced over the entire tectum in iFGFR1-injected cnpy1
morphants treated with AP20187 (Figure 3N), a result
contrasting with that obtained in morphants implanted
with an FGF8b-soaked bead (Figure 3F). These data
demonstrated that Cnpy1 is essential for the normal
transduction of FGF signaling around the MHB and
that FGF signaling components downstream of FGFR
were intact in the cnpy1 morphants. These results also
exclude the possibility that FGF signaling was downre-
gulated due to cell death in the midbrain of the cnpy1
morphants.
Cnpy1 Is a Cell-Autonomous Factor
for FGF Signaling
To determine if the action of Cnpy1 in FGF signaling is
cell autonomous, we performed transplantation experi-
ments between wt embryos and the cnpy1 morphants,
in which Eng protein expression was examined as a
marker of FGF signaling (Figures 3O and 3R). When the
wt donor cells were incorporated into the MHB of the
cnpy1 morphants, expression levels of Eng in the wt
cells were significantly higher than those in the surround-
ing morphant cells (Figures 3P and 3S), indicating that
Eng expression in the morphant cells was not rescued
by the adjacent wt donor cells. In the converse experi-
ment in which cnpy1 morphant cells were incorporated
into the MHB of the wt embryos, most of the morphant
cells only showed negligible expression of Eng (Figures
3Q and 3T), confirming that Eng expression in the mor-
phant cells was not rescued by the surrounding wt cells.
These results indicate that Cnpy1 acts cell autono-
mously within the FGF signal-receiving cells.
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(A–C, E–G) Morphology of wt and morphant MHB (dotted lines). 5 ng of cnpy1-MO or 5mis cnpy1-MO was injected. Black arrowheads in (C) in-
dicate cell death in the diencephalon, the posterior midbrain, and in rhombomeres 1–3, 5, and 6; black open arrowheads in (A), (C), (E), and (G)
point to the otic vesicles. Arrows in (E)–(G) designate the optic tectum and arrowheads in (E) and (F) indicate the cerebellar primordia. Dotted
circles in (E) and (G) designate the pericardial cavities.
(D and H) Confirmation of translation blocking by cnpy1-MO. By means of hsp70:Cnpy1-GFPrw0129 transgenic fish, Cnpy1-GFP fusion protein
was induced by heat shock for 1 hr at 39ºC at 12 hpf. Induction of the GFP signal in cnpy1-MO-injected embryos was blocked (H).
(I–Q0) Expression of MHB markers (indicated by arrows) at the specification (bud stage, [I–K0]) and maintenance stages (18 hpf, [L–Q0]). Expres-
sion of fgf8 in rhombomere 4 is indicated as internal control by asterisks (I–K0). Each left and right picture shows a wt embryo and a cnpy1 mor-
phant, respectively. Scale bars equal 100 mm for (A)–(C), (E)–(G); 200 mm for (I)–(K0); 100 mm for (L)–(Q0).
(R) Table showing the percent injected embryos with the phenotype induced by cnpy1-MO. Percentage is shown in parentheses.
(S and T) Rescue of eng2a expression in the cnpy1 morphants by injection of MO-resistant cnpy1* mRNA.
(S) Table showing the percent injected embryos with the degree of rescue of eng2a expression by coinjection of cnpy1-MO and cnpy1* mRNA.
Percentage is shown in parentheses.
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quired for FGF Signaling
(A–F) Expression of eng2a was ectopically in-
duced upon implantation of an FGF8b-
soaked bead in positive-control embryos (B)
and embryos injected with 5 base-mismatch
control cnpy1-MO (C) and embryos treated
with DMSO (D); ectopic induction of eng2a
was not observed in the cnpy1 morphants
(F) or in the SU5407-treated embryos (E), ex-
cept weakly in the dorso-posterior part of the
midbrain. Implantation of a bovine serum al-
bumin (BSA)-soaked bead did not affect
eng2a expression (A). Dotted circles indicate
the position of an implanted bead.
(G–N) Ectopic induction of eng2a by iFGFR1.
Ectopic induction was not observed in the
absence of AP20187 or iFGFR1 (G–K). Addi-
tion of AP20187 evoked FGF signal and
induced ectopic eng2a expression in the con-
trol (L and M) and cnpy1 morphant (N) em-
bryos injected with iFGFR1 mRNA. Scale
bar equals 100 mm for (A)–(N).
(O–T) Cell transplantation between wt and
cnpy1 morphant embryos indicates that
Cnpy1 acts cell autonomously.
(O and R) Expression of Eng protein detected
by monoclonal anti-Engrailed antibody 4D9
in the MHB of the wt (O) and the cnpy1 mor-
phant (R) embryos.
(P and S) Expression of Eng by the rhoda-
mine-labeled wt cells (donor) located in the
MHB, but not by the adjacentcnpy1morphant
cells.
(Q and T) Minimal expression of Eng by the
rhodamine-labeled cnpy1 morphant cells
(donor) (white arrowheads in insets, for exam-
ple), as opposed to that of the surrounding
wt cells. The green channel of (P) and (Q)
only is shown in (S) and (T), respectively. Scale
bar equals 50 mm for (Q)–(T).Cnpy1 Is an ER-Resident Protein and Interacts
with FGFR1
The cell-autonomous action of Cnpy1 is also implied
by the putative ER retention signal in the sequence
of Cnpy1, identifying it as an ER-resident protein. How-
ever, this motif in Cnpy1 (HSEL) differs from that of the
consensus ER retention sequence (KDEL) [12]. To reveal
the activity of the putative ER retention signal of Cnpy1,
Cnpy1 variants were transfected into HeLa cells, and
their subcellular localization was examined (Figures 4Aand 4C–4H00). Wild-type Cnpy1 (Cnpy1-HSEL) was de-
tected by immunoblotting in both cells and culture
medium, as was the Cnpy1-KDEL variant with the con-
sensus ER retention signal (KDEL) replacing HSEL (Fig-
ure 4A). By comparison, the Cnpy1 variant devoid of an
ER retention signal (Cnpy1DHSEL) was found predomi-
nantly in the culture medium (Figure 4A). These findings
were corroborated by immunofluorescence of cells ex-
pressing the variants. Both Cnpy1-HSEL and Cnpy1-
KDEL were found in the ER (Figures 4C–4F00), whereas(T) Index for the degree of rescue of eng2a expression was determined by comparison with the standard embryos shown here. a, normal; b, re-
duced; c, greatly reduced; d, none. Scale bar equals 100 mm.
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426Figure 4. Cnpy Proteins Are ER-Resident Proteins, and Cnpy1 Interacts with FGFR1
(A) Efficiency of ER retention signals. Cnpy1 with HSEL-type (native) or KDEL-type (consensus) ER retention signal or without ER retention signal
were transfected into HeLa cells. Cell lysates (c) and culture media (m) were analyzed by immunoblotting for Cnpy1 and for total Erk1/2 as a load-
ing control.
(B–B00) Subcellular localization of endogenous human Cnpy2 in HeLa cells. ER shows protein disulfide isomerase as the ER marker.
(C–H00) Subcellular localization of Cnpy1 variants transfected into HeLa cells. Abbreviations: HSEL, Cnpy1-HSEL; KDEL, Cnpy1-KDEL; DHSEL,
Cnpy1-DHSEL; ER, protein disulfide isomerase as the ER marker; Golgi, Golgi 58K protein as the Golgi apparatus marker.
(I) 293T cells were transfected with the indicated constructs and analyzed by coimmunoprecipitation. WCL, whole cell lysate.Cnpy1DHSEL was found predominantly in the Golgi ap-
paratus (Figures 4G–4H00). These results demonstrate
that the C-terminal HSEL of Cnpy1 is a biologically active
ER retention signal. These data were also supported by
the localization of endogenous human Cnpy2 to the ER
in HeLa cells (Figures 4B–4B00).
The cell-autonomous action of Cnpy1 and its re-
stricted localization to the ER prompted us to examine
whether Cnpy1 interacts with FGFR1, the major media-
tor of FGF signaling in the MHB [22]. Coimmunoprecipi-
tation analysis revealed that Cnpy1 interacts with FGFR1
(Figure 4I) and that Cnpy1 bound to the extracellular but
not the intracellular (iFGFR1) domain of FGFR1. Cnpy1
also bound to Activin type II receptor (ActRII). Densito-
metric analysis, however, showed that the amount ofcoimmunoprecipitated Cnpy1 with ActRII is less than
7% of that coimmunoprecipitated with the same amount
of FGFR1 (Figure 4I), suggesting that FGFR1 is the major
target of Cnpy1. These results raise the possibility that
the interaction of Cnpy1 with FGFR1 in the ER plays
an essential role in FGF signal transduction on the cell
surface.
In this study, we demonstrated an interaction between
Cnpy1 and FGFR1. The conservation of an ER retention
signal among Canopy proteins suggests that Cnpy1 is
involved in the maturation and/or modification of FGFR1
protein in the ER as recently identified molecule-specific
molecular chaperones [23–26].
Structural analysis suggested that Cnpy1 might
have Saposin-like functions. Saposins are nonenzymatic
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gliosides are major sphingolipid components of lipid
rafts (also known as detergent-resistant membrane
domains or glycosphingolipid-enriched microdomains)
of the cell membrane [27]. Lipid rafts affect the activ-
ity of receptor-type tyrosine kinases including FGFR
[28, 29]. Therefore, although the role of gangliosides in
signaling is largely unknown, it is intriguing to examine
whether Cnpy1 modulates FGF signaling by modifying
the structure of lipid rafts.
Conclusions
Cnpy1 is a novel ER-resident, Saposin-related protein.
Among Canopy family proteins, only Cnpy1 is specifi-
cally expressed in the MHB of zebrafish embryos. Cnpy1
is essential for and induced by FGF signaling and this
interplay is pivotal in tectal and cerebellar development.
Together with other FGF signaling components, Cnpy1
contributes to a positive-feedback loop of FGF signal-
ing in the MHB, enabling the MHB to exert its role as an
organizer for the tectal and cerebellar development.
Supplemental Data
Supplemental Data include four figures and Supplemental Experi-
mental Procedures and can be found with this article online at
http://www.current-biology.com/cgi/content/full/16/4/421/DC1/.
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